Introduction {#Sec1}
============

In dairy cattle herds, neonatal diarrhea is considered one of the main infectious diseases in suckling calves worldwide \[[@CR1], [@CR4]\]. Some classes of microorganisms, such as bacteria, protozoa, and viruses, are infectious agents and are considered determinants of neonatal diarrhea \[[@CR9]\]. Single and mixed infections involving different classes and types of microorganisms are commonly reported \[[@CR6]\].

Aichivirus B belongs to the family *Picornaviridae*, genus *Kobuvirus* \[[@CR18]\]. The virions are non-enveloped with icosahedral symmetry and have a diameter of 27-30 nm and a single-stranded positive-sense RNA genome \[[@CR25]\]. Currently, the genus *Kobuvirus* is divided into six species, *Aichivirus A* to *F*, the members of which can infect both humans and various species of animals \[[@CR18]\].

The viral genome contains a leader (L) protein and has structural (VP0, VP3, and VP1) and non-structural (2A-2C and 3A-3D) regions \[[@CR22]\]. The sequence of the 3D region of the kobuvirus genome is highly conserved and encodes the enzyme RNA-dependent RNA polymerase (RdRP). By contrast, the VP1 protein is the most exposed region of the picornavirus capsid and has a high probability of structural variation. This characteristic makes the VP1 gene the most useful one for distinguishing different members of the genus *Kobuvirus* \[[@CR22], [@CR25]\].

Aichivirus B was first identified in serum and fecal samples from healthy cattle from Japan in 2003 (U-I strain) \[[@CR25]\]. However, since that study, aichivirus B infection has been reported in cattle herds worldwide and occurs more frequently in young animals with clinical signs of diarrhea \[[@CR5], [@CR19]\].

In Brazil, aichivirus B was identified in young and adult cattle in all geographical regions of Brazil in both dairy and beef herds \[[@CR7], [@CR23]\]. However, most reports of the occurrence of aichivirus B worldwide have been based on retrospective and transversal epidemiological surveys \[[@CR7], [@CR19], [@CR23]\].

A study performed in China analyzing the nucleotide sequences of the VP1 genes of wild strains of aichivirus B showed molecular diversity, with four putative lineages (1 to 4) \[[@CR8]\]. However, there have been no other studies based on the genetic characterization of aichivirus B strains using VP1 gene analysis.

The aim of this study was to describe the molecular characteristics of the RdRP and, particularly, the VP1 genes of wild-type aichivirus B strains that were identified as the most frequent etiologic agent in a neonatal diarrhea outbreak in calves from a high-production Brazilian dairy herd.

Materials and methods {#Sec2}
=====================

Study location and clinical history {#Sec3}
-----------------------------------

In early March 2015, calves with clinical signs of diarrhea from a dairy cattle herd located in the central region of the state of Paraná, southern Brazil, were evaluated. This geographical region of Paraná state is the main milk-producing region of Brazil and is notable because of the high production, technology, health, and quality levels throughout the production chain. The farm had cows of the Holstein breed managed in a free-stall system for milk production. At the time of sample collection, the farm had 930 lactating cows with two daily milkings, with an average production of 40 liters/animal/day. The nutritional and health management of the animals, including adults (cows) and young animals (heifers and calves), were adequate for the level of dairy production on the farm.

Only female calves were raised on the dairy farm, and to ensure good passive immunity, colostrum management was routinely used. For the control and prevention of neonatal diarrhea, the cows were routinely vaccinated at the end of pregnancy with inactivated commercial vaccine containing bovine rotavirus A genotype G6P\[5\] (UK strain), bovine coronavirus (Mebus strain), and *Escherichia coli* (*E. coli*) F5 (K99), according to the manufacturer's instructions. However, in the summer of 2015, an outbreak of watery diarrhea, primarily in calves in the first month of life, was reported that was unresponsive to broad-spectrum antibiotic therapy. Over a period of approximately 25 days and at the time of the outbreak there were approximately 80 calves in the affected lot, with morbidity rates reaching approximately 35%.

To perform a preliminary diagnosis, five fecal samples of diarrheic calves up to 30 days of age were tested for *Cryptosporidium* spp. and *Eimeria* spp. oocysts using a modified Ziehl-Nelseen \[[@CR17]\] and Gordon and Whitlock \[[@CR15]\] technique, respectively. Additionally, five diarrheic fecal samples from calves up to 7 days old were analyzed by PCR assay \[[@CR12]\] to determine the presence of enterotoxigenic *E. coli* F5 (K99). All diarrheic fecal samples that were initially evaluated were negative for the enteric pathogens (protozoa and bacteria) tested.

Because the animals with diarrhea were not responsive to broad-spectrum antibiotic therapy, were negative in parasitological examinations for the two main protozoa, and were negative in PCR assays for enterotoxigenic *E. coli* F5 (K99), the etiology of this neonatal diarrhea outbreak was determined by investigating several RNA viruses that have been recognized as enteropathogenic for calves.

Fecal samples {#Sec4}
-------------

For virological evaluation, 24 diarrheic fecal samples from calves up to 30 days of age were collected in gloves directly from the rectum. All calves included in the study were randomly selected and had yellowish diarrhea with clinic signs of anorexia and apathy. Additionally, as a control group, five fecal samples from asymptomatic calves were collected.

Nucleic acid extraction {#Sec5}
-----------------------

Fecal suspensions were prepared at 10-20% (w/v) in 0.01 M phosphate-buffered saline (PBS), pH 7.2 (137 mM NaCl, 3 mM KCl, 8 mM Na~2~HPO~4~, and 14 mM KH~2~PO~4~), and centrifuged at 3,000 × *g* for 5 min. RNA extraction was performed with 400 µL of fecal suspensions using a combination of the phenol/chloroform/isoamyl alcohol (25:24:1) and silica/guanidinium isothiocyanate methods \[[@CR2]\]. The nucleic acid was eluted in 50 µL of ultra-pure RNase-free diethylpyrocarbonate-treated sterile water. Ultrapure sterile water was included as a negative control in all viral nucleic acid extraction procedures, and known positive fecal samples for each viral agent analyzed were included as a positive control \[[@CR4], [@CR21], [@CR23]\].

Virological analysis {#Sec6}
--------------------

The presence of RNA for the two most frequent enteric viruses found in calf diarrheic fecal samples was investigated using molecular techniques (SN-PCR and RT-PCR) to amplify a 251-bp portion of the bovine coronavirus (BCoV) N gene \[[@CR24]\] and 876 bp and 1,062 bp of the bovine rotavirus A (RVA) VP4 (VP8\*) and VP7 gene, respectively \[[@CR14], [@CR16]\]. Evaluation of the presence aichivirus B RNA was performed by RT-PCR to amplify a 631- and 1,159-bp region of the RdRP and VP1 gene, respectively \[[@CR8], [@CR25]\]. Nuclease-free water was used as a negative control in all PCR assays. The amplified products were analyzed by electrophoresis on a 2% agarose gel in Tris-borate-EDTA buffer, pH 8.4 (89 mM Tris, 89 mM boric acid, and 2 mM EDTA), stained with ethidium bromide (0.5 µg/mL), and visualized under UV light.

Sequence analysis {#Sec7}
-----------------

RT-PCR amplification products of good quality were selected to evaluate the specificity of the test and for phylogenetic analysis. The amplicons were purified using an illustra GFX PCR DNA and Gel Band Purification Kit (GE Healthcare, Little Chalfont, UK), quantified in a Qubit^®^ fluorometer (Invitrogen Life Technologies, Eugene, OR, USA), and sequenced in an ABI3500 Genetic Analyzer sequencer with a Big Dye^®^ Terminator v3.1 Cycle Sequencing Kit, using the forward and reverse primers used in the RT-PCR assay (Applied Biosystems, Foster City, CA, USA). Sequence quality analysis was performed using PHRED software, and consensus sequences were assembled using CAP3 software (<http://asparagin.cenargen.embrapa.br/phph/>). Sequence similarity searches were performed using the basic local alignment search tool (BLAST) program (<http://blast.ncbi.nlm.nih.gov/>) to determine the nucleotide sequence similarity with sequences deposited in public databases. The phylogenetic tree and the nt identity matrix were constructed using MEGA version 6.0 and BioEdit version 7.2.5 software, respectively. The analyses were based on the neighbor-joining method and the Kimura 2-parameter model. Bootstrapping was statistically supported with 1,000 replicates. The G and P genotypes of RVA were determined using the RotaC^2.0^ genotyping tool \[[@CR20]\]. The referenced sequences included in this study were acquired from GenBank.

Results {#Sec8}
=======

All fecal samples with normal consistency (*n* = 5) included in this study were negative for the three evaluated viral agents. BCoV RNA was also not identified in any of the 24 diarrheic fecal samples evaluated, which allowed us to rule this important enteric virus in the etiology of the diarrhea outbreak studied.

RVA RNA was amplified in 25% (6/24) of the fecal samples from diarrheic calves; three calves had single infections, and the other three had mixed infection with aichivirus B. Sequence analysis of the G and P gene-amplification products of RVA strains identified in the diarrhea outbreak showed that the infecting RVA strains belong to the genotype G10P\[11\].

Of the 24 diarrheic fecal samples analyzed, 13 (54.2%) were positive for aichivirus B, but this was only identified in calves that were one or two weeks old. In this age group (8 to 14 days old), the rate of aichivirus-B-positive calves reached 83.3% (10/12). Table [1](#Tab1){ref-type="table"} shows the distribution of results according to the age group of calves.Table 1Distribution of aichivirus-B-positive fecal samples according to the age of calves identified in a neonatal diarrhea outbreak in a dairy cattle herd in BrazilAgeAichivirus BNegativeTotalSingleMixed\*One week3--14Two weeks73212Three weeks----5^a^5Four weeks----3^b^3Total1031124**\*** Fecal samples positive for aichivirus B and RVA simultaneouslyTwo^a^ and one^b^ fecal samples were positive only for RVA at the third and fourth weeks of age, respectively

For aichivirus B, amplicon sequencing confirmed the specificity of the amplified products. Phylogenetic analysis of the RdRP genes of three aichivirus B strains (GenBank accession numbers KX587946, KX587947, and KX587948) revealed 90.7 to 90.9%, 91.6 to 92.1%, and 91.8% nt sequence identity to the aichivirus B strains described in Korea, China, and Japan, respectively (Fig. [1](#Fig1){ref-type="fig"}A).Fig. 1Phylogenetic analysis of a partial nucleotide sequence (551 bp) of the RdRP gene (A) and of the complete VP1 gene (B) of Brazilian aichivirus B strains. The tree was generated using the neighbor-joining method and the Kimura 2-parameter model as the nucleotide substitution model. Bootstrap values (1,000 replicates) greater than 70% are shown. The aichivirus B strains identified in this study are indicated by a filled circle

Sequence analysis of two VP1 gene RT-PCR products allowed a comparative analysis of the sequences identified in this study with Chinese aichivirus B strains that were classified in the putative lineages proposed by Chang et al. \[[@CR8]\]. The two Brazilian aichivirus B strains (GenBank accession numbers KX592587 and KX592588) grouped in the same branch as the prototype strain (U-I) classified as lineage 1 showed 89.2 to 89.5%, 84.6 to 86.1%, 82.7 to 83.2%, and 84.6 to 84.8% nt sequence identity and 95.1 to 95.8%, 92.5 to 93.2%, 90.6 to 91.7%, 92.5 to 93.2% amino acid (aa) sequence identity to representative aichivirus B strains from the putative lineages 1 (U-I strain), 2, 3, and 4, respectively (Fig. [1](#Fig1){ref-type="fig"}B). The two sequences described in this study showed an nt distance of 0.12 and an aa distance of 0.04 to 0.05 from the prototype strain (U-I).

Discussion {#Sec9}
==========

The diarrhea outbreak described in this study included diarrheic dairy calves that were irresponsive to treatment with broad-spectrum antibiotic therapy. Preliminary laboratory analyses ruled out some important enteropathogens (*Cryptosporidium* spp., *Eimeria* spp., and *E. coli* F5). With this information, we evaluated the probability that three known enteric RNA viruses (RVA, BCoV, and aichivirus B) were involved in the etiology of this severe diarrhea outbreak.

Although BCoV is considered an important etiological agent of neonatal diarrhea worldwide \[[@CR4], [@CR10], [@CR13]\], it had no influence on this outbreak in dairy calves, because all diarrheic fecal samples included in the analysis were negative for this virus.

Throughout the world, RVA is reported to be the main viral cause of neonatal diarrhea in calves of dairy and beef cattle herds \[[@CR1], [@CR21]\]. In this outbreak, 25% (6/24) of diarrheic calves evaluated were RVA positive in both single (*n* = 3, 12.5%) and mixed (*n* = 3, 12.5%) infections with aichivirus B. Reports of mixed infection involving aichivirus B and other viruses are frequent, mainly with the presence of RVA and BCoV \[[@CR19], [@CR23]\]. Mixed infection with RVA in addition to a high frequency of aichivirus B may contribute to clinical signs of diarrhea. In general, enteric infections caused by more than one microorganism are more severe than a single infection \[[@CR4]\], as observed in this study.

Notably, all late-pregnancy cows from this dairy farm received an inactivated commercial vaccine containing enteropathogens such as the RVA UK strain genotype G6P\[5\], and good colostrum management was adopted on the farm to provide adequate levels of passive immunity. However, the RVA strain that was involved in this diarrhea outbreak was classified as genotype G10P\[11\]. Failures in heterologous passive protection have been reported to be a cause of diarrhea by wild-type RVA strains with distinct genotypes from RVA vaccine strains in calves of both dairy and beef cattle herds \[[@CR3], [@CR21]\].

Aichivirus B was the main viral agent found in 54.2% (13/24) of the diarrheic fecal samples evaluated. In other studies, high positivity rates have been reported for this enteric virus, reaching 34.9% (58/166) in China \[[@CR8]\] and 77.8% (7/9) in the Netherlands \[[@CR5]\]. Furthermore, retrospective transversal studies conducted in Brazil revealed the presence of this enteric viral agent in 18.2% (40/222) \[[@CR23]\] and 14.4% (31/216) \[[@CR7]\] of the fecal samples analyzed, with a larger number of positive animals on dairy cattle farms.

Only calves up to two weeks of age were aichivirus B positive (81.25%, 13/16). Higher frequencies of detection of aichivirus B in feces of calves up to one month of age have also been reported in the Netherlands \[[@CR5]\] and Italy \[[@CR11]\]. The increased susceptibility to symptomatic infections in calves may be due to the immaturity of the immune system in neonatal animals compared to adults, making them more susceptible to endemic enteric microorganisms.

Phylogenetic analysis of Brazilian aichivirus B strains based on the 3D conserved genomic region encoding the viral polymerase (RdRP) reveals a difference in the position of the branches on the phylogenetic tree compared to the Japanese, Chinese, and Korean strains (Fig. [1](#Fig1){ref-type="fig"}A). However, the genomic region used for a classification of picornaviruses by molecular analysis is the VP1 capsid protein gene \[[@CR22]\]. Therefore, the Brazilian aichivirus B VP1 gene sequences were classified in putative lineage 1, revealing greater (89.2 to 89.5%) nucleotide sequence identity to the aichivirus B prototype strain (U-I, accession numbers AB084788, NC004421) according to the classification proposed in 2014 by Chang and colleagues suggesting new genotype or lineage with a cutoff of 85.1% nucleotide sequence identity based on VP1 protein of aichivirus B. This result confirms the molecular diversity of aichivirus B strains circulating worldwide and demonstrates that the strains identified in South America exhibit molecular divergence from Chinese strains.

In conclusion, most surveys on the frequency of aichivirus B infection in cattle herds are transversal studies that include the analysis of several fecal samples from calves with or without diarrhea from different dairy and/or beef herds. To the authors' knowledge, this is the first description of a high rate of aichivirus B identification in fecal samples from a diarrhea outbreak in dairy calves, and it is the first phylogenetic study based on the VP1 gene of aichivirus B wild-type strains performed in South America.
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